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Introduction S Zo
=2
In the last few years there have been an increasing number of ideas
and schemes on the retention of gaseous nuclear fuel in a cavity reactor.
Some methods proposed make use of hydrodynamic forces, such as the vortex
type discussed by Kerrebrock and Meghreblianl, and the coaxial flow type
described by Weinstein and RagsdaleZ. Other methods require magnetic
forces to contain the fuel in the cavity, such as proposed by Spencer5
and Nelson?. There have been other proposals with variations on these
methods. With the exception of the vortex type, one common requirement
imposed on the fuel is that it be centrally located, away from the cavity
walls. In an arrangement such as this, it is expected that the critical
mass requirements will be higher than that of a uniformly filled cavity.

In a previous analysis on spherical geometries5, this increase in
critical mass was indicated as being less than 25 percent for fuel-to-
cavity radius ratios down to 0.5, for cavity radii ranging from 70 to
175 ecm. In a cylindrical cavity reactor the fuel would be centrally lo-
cated only with respect to the radius. As shown in figure 1, the fuel
region runs the entire length of the cavity. It is anticipated that this
would allow a further decrease in the fuel-to-cavity radius ratio w1thout
an increase in the critical mass.

Conditions of Analysis

The moderator-reflector region, as shown in figure 1, completely sure
rounds the cavity. The thicknese of this region is maintained at 100 cm
for all calculations. Graphite and D50 were considered as moderator ma-

terials; and 1235 and Pu®39 as nuclear fuels. The radius of the cavity was
varied in a few cases, but for the majority of the Pomputations was held
constant at 150 cm, along with a reactor cavity L/D {length-to~diameter)
ratic of 1.0.

The cavity radius was chosen on examination of the combined continuity
equations for the propellant (hydrogen) and the fuel (uranium or plutonium),
expressed as a velocity ratio in a coaxial flow reactor?:

g, (v, /vp) (Mp/My) (ty,/tp)



To minimize mixing losses it is assumed that the average velocity
ratio must be on the order of 10C or less. With the mass flow, molecular
weight, and temperature ratios relatively invariant, the radius ratio
rF/rH2 becomes the dominant factor. Small radius ratios ease the hydro-

dynamic restrictions on the velocity ratio required, but lead to high
operating pressures because of the increase in critical densities. Com-
bining these factors, a value of 150 cm was assumed for a reasonable
cavity radius, ard 0.17 for a fuel-to-cavity radius ratio. Inasmuch as
these are only guesses as to reasonable valuesg, they should not be taken
as final or recommended values; they are, however, suitable for discussion
here.

To determine the effect of changing radius ratio on criticality, the
fuel region radius was varied and critical densities were obtained. The
region of the cavity outside of the fuel region contained hydrogen with a
density of 0.8x1021 atoms/cc. Although diffusion of neutrons in the hy=
drogen was consldered, removal and absorption cross-sections were tsken
as zero. All of the results presented here were based on calculations of
criticality obtained with PDQOZ2, a two-dimensional reactor code written®
for the IBM 704. Ueutron macroscopic cross sections for the materials
were basically obtained by flux weighting cross sections from BNL 3257.
For the high temperature "thermal" cross sections, the effect of Doppler
broadening was teken into account. This was done primarily because of
low energy level rescnances in plutonium and uranium. For a given geom-
etry the fuel density was varied until a criticality factor of 1.00 was
obtained.

Discussion of Results

In general cavity reactors are considered thermal in the sense that
most of the absorptions of neutrons by the fuel occur at thermal energies.
In a cavity reactor the neutrons are born in the fuel at high energies
and quickly diffuse into the reflector-moderator region. Here they are
thermalized and find their way back into the fuel region to be absorbed
and start a new generation of neutrons. As the fuel region is decreasid\
in diameter, the probability that returning neutrons will PR £
-emein is reduced. Therefore, to maintain criticality the ones which do
pass through the fuel must have a higher probability of being absorbed.
This means that as the fuel radius is decreased, the fuel density must in-
crease. As the fuel density increases, the thermal flux drops off more
rapidly through the fuel region. An example of this is shown in figure 2.
For three different fuel radii, the flux drops off more rapidly as the
fuel radius is decreased, and the fuel density ig increased to maintain
criticality.

Since the fuel volume is decreasing, an increase in fuel density does
not necessarily mean that the critical mass has increased. Several con-
figurations were computed to determine the effect on critical mass as the



fuel radius is decreased. This is indicated in figure 3. The lower curve
is for a cavity radius of 40 cm, and L/D of 2, and illustrates that,
based on diffusion theory, the fuel region can be reduced in radius by fac-
tors of 5 and 6 with no appreciable increase in critical mass.

The remaining curves are for a cavity radius of 150 cm. The dashed
line extensions are extrapolations to end points (cavity completely filled
with fuel). The end points for the Do0 cases were determined from a buckl-

ing analogy5. A11 of the curves for U235 indicate that the fuel radius can
be reduced by factors of 5 or 6, that is, fuel-toecavity radius ratiog of
0.2 to 0.187, without increasing the critical mass by more than 25 percent.
The curve for PuZ39 fuel indicates a sharp increase in critical mass at a
radius ratio of about 0.25, or a factor of 4 in decreased radius. Although
this is less of a reduction in fuel radius than afforded by the U235, the
critical mass is much less {10 kg compared with 30 kg at 0.4 radius ratio)
under the same conditions.

As was previously indicated, a fuel radius of 25 cm appears to be in
the region of interest. Maintaining this fuel radius and a cavity radius
of 150 cm, several calculations were performed Lo determine changes in
critical mass due to variations in temperature and materials. The results
are shown in table 1. Case {1), as shown in the table, had U235 as the
fuel, and D50 as the moderator (100 em thick). Since Do0 was used, the

neutrons were assumed to be at room temperature (70° F). The critical
mass for this case is seen to be 6.3 kg, In the next case, as shown in
the diagram with table I, a void region through the D23 with the same

diameter as the fuel region was added to one end to obtain some indica-
tion of the effect of an exhaust nozzle; the increase in critical mass was
small (5 percent).

In the third case, the Do0 was replaced with graphite. The increase

in critical mass from 6.3 to 65 kg is due primarily to the increased ab-
gsorption in the graphite moderator, as is shown in table IL. Therefore,
an increase in the thermal temperature to near an operating temperature
(approximately 5300° F) should decrease the critical mass. This is shown
by the results for case 4. Case 5 was run to determine the effect of re-
placing U235 with Pu239. The indicated result is that the critical mass
decreases from 38 to 27 kg.

Table TIi gives a neutron balance for each case. Since this is a
balance of neutrons, and a fixed fraction of neutrons must be absorbed in
the fuel, any increase of absorptions in nonfuel regions must be accom-
panied by a decrease in leakage. One noticeable Tuct ig that even though
less fuel is required using Pu239, more neubrons must be absorbed in the
fuel. This is due to the larger portion of the neutrons absorbed in the
Pu239 that do not produce fission neutrons. The decrease in critical mass
for Pucd9 results from the fact that although the probability of a fission
per absorption is less than for U235, the probability of an absorption is
sufficiently greater to override this effect.



Concluding Remarks

From the two-dimensional calculations performed on cylindricsal
cavity reactors, it appears that the fuel region can be reduced in radius
inside -a& cavity more than appeared possible from spherical results. The
calculations indicate that if graphite is to be required for high tem-
perature use, an increase in critical mass will result, though not as
much as would be indicated by the use of room temperature cross sections.

The calculations also show that critical mass can be reduced by
using Pu23Y rather than U235, A single calculation of the effect of a
nozzle opening through the reflector-moderator showed only a slight
increase in critical mass. Inasmuch as Dy0 is a better moderator, it
would seem worthwhile to consider a possible combination of Dy0 and
graphite into a two-region moderator-reflector with high temperature
capability and reduced neutron absorptions. Finally, in view of some
of the steep flux gradients in a cavity reactor, it is estimated that
transport theory would predict, in certain cases, larger critical masses
than diffusion theory; this has been indicated by & few preliminary one-
dimensional calculations.
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